As sessile organisms, plants have adapted a high degree of developmental plasticity to optimize their growth and reproduction in response to their environments. Light is one of the major environmental signals that govern plant growth and development. Besides providing an energy source for plants via photosynthesis, light also provides informational cues to control the developmental patterns of plants. Plants detect almost all facets of light such as direction, duration, quantity, and wavelength by using photoreceptors, comprising the blue light (B)/ultraviolet (UV)-A (320-500 nm) absorbing cryptochromes and phototropins, the UV-B (282-320 nm) sensing UV-B receptors, and the red light (R)/far-red light (FR) (600-750 nm) absorbing phytochromes (phys). 1) In recent years, substantial progress has been made in defining the functional roles of the individual photoreceptors in plants, as well as the molecular and cellular basis of photoperception and phototransduction.
Phytochromes are important in the regulation of a wide range of developmental responses in plants, for instance, seed germination, seedling de-etiolation, development of a functional photosynthetic apparatus, synthesis of protective pigments, and flowering. In Arabidopsis, five PHY genes, named PHYA-PHYE, have been isolated. 2) Using oligonucleotide microarrays, it has been found that phyA regulates seedling photomorphogenesis by direct targeting of light signals to the promoters of genes encoding a master set of diverse transcriptional regulators and that 10% of the genes represented on the array are regulated by phyA in responses to a continuous FR.
3) Although understanding of phyA action is expanding rapidly, insight into how the perceived light signals are transduced, leading to morphological responses and altered gene expression patterns, remains sparse.
Orobanche minor Sm. (clover broomrape, Orobanchaceae) is a non-photosynthetic holoparasitic plant, which has lost photosynthetic function and is totally dependent upon its host plant for water, nutrients, and reduced carbon. This circumstance has released the parasite from the selective pressure of maintaining an intact photosynthetic apparatus. Similarly, the genes involved in photosynthesis are inactivated or eliminated from the plastid genome in many parasitic plants. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] It is predictable that the genes involved in photosynthesis are also inactivated or eliminated from the chromosomal genome in holoparasites as in the case of the plastid genome. We are especially interested in evolutional alteration in the photoperception and phototransduction y To whom correspondence should be addressed. Tel: +81-6-6879-7425; Fax: +81-6-6879-7426; E-mail: okazawa@bio.eng.osaka-u.ac.jp, kobayashi@bio.eng.osaka-u.ac.jp Abbreviations: B, blue light; Chl, chlorophyll; DAPI, 4 0 ,6-diamino-2-phenylindole; FR, far-red light; ORF, open reading frame; PEG, polyethylene glycol; PHY, phytochrome; pl, plastid; RACE, rapid amplification of cDNA ends; R, red light; UV, ultraviolet systems in holoparasitic plants due to the systems' no longer being required for maintenance of photosynthetic apparatus, but these systems should still be involved in other developmental responses which are unrelated to photosynthesis, for instance seed germination and flowering. As a matter of fact, germination of O. minor is inhibited by light, 14) indicating that photoperception and phototransduction systems may exist in O. minor. Phytochromes might be involved in the control of seed germination of hemiparasitic Striga asiatica, which shows a certain level of photosynthetic activity and is another species of Orobancaceae, since Egley reported that seed germination of S. asiatica is inhibited by R light. 15) Additionally, FR light (700-730 nm), but not R light (600-700 nm) can induce coiling and prehaustoria development of light-grown dodder seedling (Cuscuta campestris), which is a parasitic plant of the Convolvulaceae. 16, 17) So the information obtained about evolutional alteration in the molecular mechanism for receiving red light and far-red light and subsequent signal transduction in those parasites should be valuable for further elucidation of the photoperception and phototransduction systems in green plants.
Since the molecular biological information about the photoperception and phototransduction systems has not been available in non-photosynthetic plants, we investigate the existence of a PHYA gene in O. minor in this study. The PHYA homolog obtained was characterized by its gene expression profile, and subcellular localization of its gene product under several light conditions was also analyzed.
Materials and Methods
Isolation of a phytochrome cDNA clone from O. minor. Amino acid sequences of PHYAs from photosynthetic plants, AAK62577 (GenBank accession number), O49934, P30733, P15001, P42500, P93526, P10931 (SWISS-PROT accession numbers), S20497, and JQ0382 (PIR accession numbers) were used to design degenerate primers for reverse transcriptionpolymerase chain reaction (RT-PCR) cloning of a homologous PHYA gene from the non-photosynthetic plant, O. minor. The following degenerate primers were
. (reverse primer 2). Total RNA was isolated from buds of O. minor with an RNAqueous-Midi Kit (Ambion, Austin, TX) followed by treatment with DNase to remove contamination with DNA. cDNA pools were generated with an AMV Reverse Transcriptase (Toyobo, Osaka, Japan) with oligo(dT) 12À18 primer (Invitrogen, Carlsbad, CA). Amplified cDNA was subcloned into the plasmid pCR2.1 (Invitrogen) and sequenced with ABI PRISM BigDye Terminator Cycle Sequencing Kits (Applied Biosystems, Foster City, CA) using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems). Based on the sequencing results, the full-length cDNA of the PHYA homolog was cloned with a 3 0 -Full Race Core Set and a 5 0 -Full Race Core Set (TaKaRa Bio, Shiga, Japan).
Phylogenetic analysis of PHYA sequences. Fifteen PHYA amino acid sequences of higher plants listed in Table 1 and one PHYA homologous sequence from O. minor were aligned using a ClustalX (version 1.83) program.
18) Unrooted molecular phylogenies and bootstrap values (100 bootstrap replicates) were obtained with MEGA2 (version 2.1).
19) The tree was constructed using the neighbor-joining method. C for 16 to 18 h. The membrane was washed at 55 C for 10 min, twice with primary wash buffer (2 M urea, 0.1% SDS, 50 mM NaH 2 PO 4 (pH 7.0), 150 mM NaCl, 1 mM MgCl 2 ) and subsequently washed at room temperature for 5 min, twice with secondary wash buffer (50 mM Tris base, 100 mM NaCl, 2 mM MgCl 2 , pH 10).
Quantitative real-time RT-PCR. Plants were grown in an experimental field in a natural environment at Utsunomiya University. Some plants were covered with an opaque box to be grown in the dark condition. Total RNA was prepared as previously described from buds after 7 d in the natural environment or darkness. Quantitative real-time RT-PCR was performed using SYBR Green PCR Master Mix (Applied Biosystems). The transcript abundance of the assayed genes was assessed with the GeneAmp 5700 Sequence Detection System (Applied Biosystems). cDNA of glyceraldehyde-3-phosphate dehydrogenase of O. minor (Om-GAPDH; GenBank accession no. AY600063) was used as an internal standard. The following primers were used:
(reverse, for OmGAPDH). Relative expression levels were determined using the comparative C T method. 20) Construction of the 35S:PHYA:green fluorescent protein chimeric genes. Construction of the 35S:PHYA: modified green fluorescent protein (mGFP) chimeric gene containing the full-length Arabidopsis PHYA cDNA (AtPHYA cDNA) in the binary vector pPCV812 has been described previously. 21) The vector was kindly provided by Dr. Eva Adam of the Plant Biology Institute, Hungary. To generate the 35S:OmPHYA: mGFP4 chimeric gene, the OmPHYA cDNA was replaced in the binary vector. To this end, the Arabidopsis PHYA:mGFP (AtPHYA:mGFP) fragment was removed by Bam HI-Sac I digestion and replaced with a Bam HI-Sac I fragment that contained the modified GFP4 (mGFP4) gene, which was prepared by PCR as follows. mGFP4 was modified by introducing Bam HI and Sma I sites upstream of the ATG and a unique Sac I site downstream of the stop codon. The full-length OmPHYA was modified by the introduction of a unique Sma I site in front of ATG, and its stop codon was replaced by inserting a unique Sma I site. The fulllength OmPHYA was subsequently inserted into Sma I sites of the 35S:mGFP4 pPCV812 binary vector. All gene fusions were sequenced prior to transformation experiments. The construct of 35S:AtPHYA:mGFP was used as a positive control.
Isolation of Arabidopsis protoplasts. Protoplasts were prepared from Arabidopsis thaliana ecotype Columbia by a reported method, 22) with minor modifications (the appropriate method is available at http://genetics.mgh. harvard.edu/sheenweb). Young rosette leaves were harvested and cut into several pieces in a petri dish containing enzyme solution (0.4 M mannitol, 20 mM KCl, 20 mM MES (pH 5.7), 1.5% cellulase R10, 0.4% macerozyme R10, 10 mM CaCl 2 , and 0.1% BSA). The tissues were then vacuum-infiltrated and incubated at 23 C with gentle agitation (40-50 rpm) for 90 min and filtered through a 100 mm nylon filter. The protoplasts were collected by centrifugation at 100 Â g for 3 min, washed in cold W5 solution (154 mM NaCl, 125 mM C for 18-24 h before observation. LED (Tokyo Rikakikai, Tokyo, Japan) for far-red light was used as a light source.
Epifluorescence and light microscopy. The transfected protoplasts were transferred to glass slides and analyzed using fluorescence microscopy (Olympus BX50, Tokyo, Japan). Excitation of GFP and GFP + chlorophyll (Chl) were performed with a mirror set of U-NWIBA/GFP (excitation 460-490 nm, emission 515-550 nm) and U-NWIB/GFP (excitation 460-490 nm, emission 495-nm) respectively. Representative cells were documented by photography with a color CCD camera (Olympus DP70, Tokyo, Japan). Non-irradiated or irradiated protoplasts were manipulated under dim green safe light prior to microscopy. The photographs were taken during the first 5 to 10 min of microscopic analysis. To perform staining of nuclei, 4 0 ,6-diamidino-2-phenylindole (DAPI) was added at 50 ng/ml as described by Sakamoto and Nagatani, 23) and observed with a mirror set of U-MWU (excitation 330-385 nm, emission 410-nm).
Results and Discussion
Isolation and sequence analysis of a PHYA homologous cDNA from O. minor
To identify and isolate a homolog to the PHYA gene of green plants, degenerated oligonucleotides were used to prime PCR using cDNA of O. minor as a template. A complete cDNA sequence encoding PHYA was determined using 5 0 and 3 0 RACE, and designated OmPHYA (GenBank accession no. AY348568).
OmPHYA has an open reading frame (ORF) 3,372 bp in length, encoding a putative PHYA predicted to be 125 kDa in size. Cysteine at position 323 in OmPHYA, which should be the chromophore-binding residue, was conserved, and conserved domains in PHYA also existed in OmPHYA (Fig. 1) . Alignment of the predicted polypeptide of OmPHYA with PHYAs from 15 green plant species was conducted. OmPHYA shows 72, 77, and 77% identity with PHYA in Arabidopsis, potato, and tobacco respectively at the amino acid level (Table 1 ). Figure 1 shows the substituted amino acid residues and their positions. Thirteen substituted amino acid residues were located in both the N and C-terminal domains (a total of 26 substitutions). Since some mutations in the C-terminal domain of PHYA can eliminate its biological activity, 24) the several amino acid substitutions at the N-terminal and C-terminal domains in OmPHYA (Fig. 1) might significantly influence the gene function. OmPHYA has an ORF 1,123 amino acids in length. The cysteine residue at position 323 that corresponds to the chromophore attachment site is indicated by a bold asterisk. OmPHYA consists of six domains, which are boxed; the GAF domain (A), the phytochrome domain (B), the PAS1 domain (C), the PAS2 domain (D), the Histidine Kinase A domain (E), and the Histidine Kinase-like ATPases domain (F). The deduced amino acid sequence of O. minor was aligned with the deduced amino acid sequences of Arabidopsis, oat, and tobacco. Identical amino acid residues, strongly similar ones, or weakly similar ones are indicated by an asterisk, colon, or period respectively, shown under the sequences. The positions of the substituted amino acid residues on the deduced amino acid sequence of O. minor are presented by underlined-bold characters. Figure 2 presents the phylogenetic tree resulting from analysis of full-length PHYA amino acid sequences. The tree reflects the clear sequence relationship between PHYA proteins of green-plants and O. minor. This result suggests a monophyletic relationship between PHYA of O. minor and those of green plants, although the 26 substituted amino acid residues were found in O. minor.
Phylogenetic analysis of PHYA eequences
Genomic Southern blot analysis of the OmPHYA Southern hybridization was carried out to confirm the presence and estimate the number of genes encoding PHYA in O. minor. As shown in Fig. 3 , a single prominent signal in each lane was observed irrespective of the five restriction enzymes used. This result indicates that O. minor contains a single gene corresponding to the PHYA homolog, and indicated that the copy number of OmPHYA is identical to those of rice 25) and Arabidopsis, 2) but, this contrasts with that of Nicotiana tabacum.
26)
Expression analysis of OmPHYA To investigate whether the abundance of OmPHYA transcript occurs in a light-dependent manner, expression analysis using quantitative real-time RT-PCR was performed. The transcript abundances of OmPHYA were quantified relatively under dark and light conditions. The result indicated that the expression level of OmPHYA was elevated in the dark-adapted plants more than its level in light-grown plants (Fig. 4) . In higher green plants, PHYA mRNA is abundant in dark-grown tissue and is the only phytochrome transcript to be regulated by light.
2) The down-regulation of PHYA 
aÞ Photosynthetic plant species and accession numbers used for alignment: Fifteen PHYA sequences were used as, Pisum sativum (P15001), Lathyrus sativus (P93673), Glycine max (P42500), Cucurbita pepo (P06592), Arabidopsis thaliana (NP172428), Armoracia rusticana (BAA99409), Populus tremuloides (O49934), Solanum tuberosum (P30733), Lycopersicon esculentum (CAA05086), Nicotiana tabacum (P33530), Petroselinum crispum (P55141), Oryza sativa (P10931), Zea mays (P19862), Sorghum bicolor (P93526), and Avena sativa (A29631). mRNA by light has been shown in several green plants, [27] [28] [29] [30] but the extent of down-regulation appears to be more significant in monocots than in dicots. 31) In O. minor, a dicot, the expression level of OmPHYA mRNA was elevated about 2.5-fold in the dark-adapted plants more than its level in the light-grown plants (Fig. 4) . This variation corresponds with the result in Arabidopsis, 30) which is also a dicot, suggesting that the abundance of OmPHYA transcript is also regulated in a light-dependent manner, similarly to Arabidopsis.
Subcellular localization of OmphyA:mGFP
To elucidate the function of OmPHYA, it is essential to know the site of its action within the cell. The fusion proteins of AtphyA:mGFP and OmphyA:mGFP were detected after delivering the expression vectors that encode both constructs independently into Arabidopsis protoplasts by PEG transfection (Fig. 5A-B) . Bright green fluorescence was clearly visible despite red Chl autofluorescence from chloroplasts under blue light (Fig. 5A-B, g, k, o) . The position of the nuclei was determined by staining with DAPI, (Fig. 5A-B, d , h, l, p). This result indicate that OmphyA:mGFP as well as AtphyA:mGFP was diffusely distributed in cytosol under darkness (Fig. 5A, i-p) , and distributed to the nucleus in response to irradiation with continuous FR (Fig. 5B,  i-p) . Similar results were obtained in studies carried out on onion epidermal cells (data not shown). This result indicates that OmphyA can respond to FR irradiation and can transmit the light signal to its nucleus as phyAs in green plants 21, 32) in spite of many substitutions. It is shown that translocation of transgenic Arabidopsis expressing mutants of oat phyA missing the serine-rich N-terminal domain between amino acids 6 and 12, which showed a dominant-negative suppression of highirradiation response under continuous FR, is same as wild type. 33) PAS2 domain mutant phyA protein of Arabidopsis with impaired high-irradiance response but retaining very-low-fluence response also translocated from cytosol to nucleus under continuous FR. 34) These results suggest that the mutation at least on the serinerich N-terminal domain and PAS2 domain do not affect on the localization of phyA protein, whereas this mutation altered PHYA functions. OmphyA should also retain amino acids involved in light-dependent nuclear localization, and those amino acids are not in the substituted residues.
Since the existence of photoreceptors in non-photosynthetic plants is currently unknown, the present findings are the first indication of its presence. The results of the preliminary characterization in this study suggest that OmphyA can respond to light as phyA in normal green plants, although O. minor no longer retains photosynthetic ability and there are many amino acid substitutions in OmphyA. These findings support our hypothesis that phyA in O. minor is still involved at least in photosynthesis-unrelated morphological processes such as germination and flowering. Further studies are needed to elucidate whether substituted amino acid residues affect OmphyA function. The subcellular localization of GFP fusion proteins was investigated by fluorescence microscopy under bright field (a, e, i and m), excitation of GFP (b, f, j and n), and GFP + Chl (c, g, k and o), which were performed with mirror sets U-NWIBA/GFP (excitation 460-490 nm, emission 515-550 nm) and U-NWIB/GFP (excitation 460-490 nm, emission 495-nm) respectively. The nuclei were stained with DAPI (d, h, l and p) and observed with a mirror set, U-MWU (excitation 330-385 nm, emission 410-nm). Chlorophyll, Chl; nucleus, nu; cytosolic spots, cytSp; and plastid, pl. Bars ¼ 20 mm.
